Abstract: Materials and device researchers build switching devices for the circuits researchers to use in their circuits, but they rarely know how and where the devices are going to be used. The circuits people, including power electronics researchers, take the devices as black boxes and use them in their circuits not knowing much about the inside of the devices. The best way to design optimum devices is an interactive design where people designing and building the devices have a close interaction with the people who use them.
I. INTRODUCTION
Typically, power electronics researchers have to choose off-the-shelf power devices with the specifications best fit for their applications. They, usually, do not have a say about how they would like the device parameters be changed.
Materials and device researchers build switching devices for the power electronics researchers to use in their circuits, but they rarely know how and where the devices are going to be used.
As represented in Fig. 1 , a "barrier" exists between the people who design and build power devices and the people who use them in their circuits and systems. Close interaction between the both sides of the barrier is needed to obtain the most performance for devices and systems. With this interaction, the design loop will be closed and the possibility for building application specific optimum power devices will arise.
Recently, a significant increase in the interest of silicon carbide (SiC) power devices has occurred because of their system level benefits. In the literature, SiC research is mainly concentrated on the materials and devices aspects [1, 2] . Recently, more circuit applications [3, 4] are being published.
Moreover, the system level benefits of SiC are also being evaluated in some recent papers [5] [6] [7] . However, SiC power devices are still in their development stage; therefore, this is a good opportunity at this time to close the loop.
At Oak Ridge National Laboratory (ORNL), a team of materials, device, and power electronics researchers are working together with the University of Tennessee, Auburn University, and Vanderbilt University to build application specific optimum SiC power MOSFETs. This paper will summarize some of this work.
II. APPLICATIONS
This paper is a part of a study where system impact of SiC power electronics on hybrid electric vehicle (HEV) applications was investigated [5] [6] [7] [8] . In the mentioned study, two HEV power converters were identified, modeled, and simulated to show the system level benefits of SiC power electronics quantitatively. The two selected applications were a dc-dc power supply and a traction drive.
The dc-dc power supply shown in Fig. 2 is an isolated fullbridge dc-dc converter, which is selected mostly because of its high frequency transformer, which provides isolation and additional taps in the secondary to feed more than one converter.
The main traction drive shown in Fig. 3 uses most of the power in an HEV when the vehicle is in motion. A traction drive consists of a battery feeding a three-phase induction machine through a three-phase inverter. Because of the cooling requirements of the power devices in the inverter, usually a large heatsink is required.
In an HEV, any reduction in volume and weight of any component will benefit the efficiency of the vehicle. Because SiC devices can operate at higher temperatures and they have Prepared by the Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, managed by UT-Battelle for the U.S. Department of Energy under contract DE-AC05-00OR22725.
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lower losses, the heatsink volume and weight can be reduced if all SiC devices are used in all HEV power converters.
The simulation results of these converters have shown on average 30% decrease in weight and volume of the heatsink and a 5-10% increase in the efficiency. Improving the related device parameters can increase these further.
In the next two sections, these parameters will be identified for SiC Schottky diodes and MOSFETs and then necessary suggestions for improvement will be stated.
Note that all these modification suggestions also apply to Si devices, but the main focus of this study is given to SiC power devices.
III. DIODES
Some important diode parameters for power electronics systems are the breakdown voltage, on resistance, built-in voltage, peak reverse recovery current, and reverse recovery time.
A. Conduction Loss Parameters 1) Traction drive
A diode conduction loss expression for a traction drive inverter shown in Fig. 3 has been derived in [5] , and it is repeated below for convenience. (1) where I is the current through the diode, M is the modulation index for sinusoidal PWM, φ is the power factor angle, The maximum doping density value to sustain the chosen BV is calculated above. The resistance value corresponding to this N d is the minimum R D . It cannot be decreased with doping any further; however, the doping density can still be selected lower than this value, which would increase BV and R D , and decrease V D . Then, the question is: Can modifying V D and R D decrease the conduction losses?
To answer this question, it is required to find how much changes in R D and/or V D will affect the conduction losses. 
M is the modulation index, which varies between 0 and 4/π (square wave operation), and cosφ is the power factor, which varies between 0 and 1. The power factor of an induction machine is always lagging; for this example calculation, it is assumed to be 0.9 at rated load.
Isolated full-bridge step-down dc-dc converter. Fig. 4 , the V D losses should always be higher. This observation would have been true if and only if V D and the I⋅R D product were equal. This, however, is not the case, and that is why, all three of these variables are included in (4) to find under what conditions, what part of the conduction losses is higher. The following example illustrates how to make use of (4).
For a particular hybrid electric vehicle traction drive, the rated peak machine current is 136.28A, which makes
Ignoring the off condition, the minimum device current is the magnetizing current, which is 71A. During the magnetizing current operation, the phase angle is almost π/2 radians and the power factor is almost zero, then
Considering (4), the following are some recommendations to maximize the efficiency of a SiC diode in a traction drive application:
then the R D losses are higher at all times, keep the doping density and R D constant because decreasing R D means decreasing BV, which would limit the device's application. Table I VD losses are higher RD losses are higher Table I is the corresponding V D /R D ratios at different operating temperatures.
2) If
At temperatures up to and including 129°C, the V D /R D ratio is greater than 55.9A, therefore V D losses are higher. At the other temperatures, the ratio is between 29.3A and 55.9A. The traction drive will operate close to the rated operation of the induction machine; therefore, consider the comparison with 29.3A. For all the other temperatures, the ratio is greater than 29.3A; thus, the V D losses are higher again.
As a conclusion for this case, if the doping concentration, N d for the SiC diodes in this study is decreased, then V D and the conduction losses decrease. The limit of this decrease is determined by the V D /R D ratio.
Equation (4) can be used for any sinusoidal PWM application as long as the operation current, power factor, and modulation index information is available.
2). Dc power supply
The conduction loss expression for the isolated full-bridge dc-dc converter shown in Fig. 2 is as follows:
where d is the duty ratio of the diode.
Using the same approach as in the previous subsection, the dominant losses can be found as follows:
The significance of (7) can be summarized as follows: Table II. According to  Table II , I D varies between 47A and 119A for a 5 kW dc-dc converter in the HEV simulation, then applying the above criteria,
, then the first criterion applies.
• If
, then the second criterion applies.
•
, then it depends on how close the magnitude of the current is to the minimum or maximum values for the majority of the time. For example, if the average load is varying or constant and is in a range between 3.5 and 5 kW, then the current is closer to the upper limit and the second criterion applies. If, on the other hand, the average load is in a range between 2 and 3.5 kW, then the current is closer to the lower limit and the first criterion applies. This criteria presented here, can be applied to almost any dc-dc converter using SiC devices.
B. Switching Loss Parameters
The diode switching losses occur due to the reverse recovery of the diode, which is caused by the stored charge in the depletion region. Schottky diodes are majority carrier devices, so they do not have stored charge. However, they display a characteristic similar to reverse recovery due to the ringing of the parasitics and the internal pn junction caused by the p-rings. The p-rings are used to reduce the large reverse leakage currents.
For Schottky diodes, the switching losses can be reduced either by reducing the parasitic elements or improving the reverse recovery characteristics of the pn junction formed by the p-rings.
A diode switching loss expression has been derived in [5] (8) where f c is the switching frequency, V R is the reverse blocking voltage, I F is the forward diode current, S is the snappiness factor, and t rr is the reverse recovery time. In this expression all the parameters except S and t rr are circuit dependent. These two parameters can be expressed [9] in other device parameters for a pn diode as follows,
where D n is the electron diffusion constant (
is the width of the drift region, and b is a distance in the drift region measured from the p
as shown in Fig. 7 , n(0) is the carrier density at the p + n − junction when the diode is on, and n* is the average carrier concentration in the n − region. Gathering the S and t rr related terms in (8) and inserting (9) and (10) . Note that the conclusions here also apply to the dc-dc converter, because (8) represents a switching cycle independent of the application.
IV. MOSFETS
The following study will focus on the traction drive but the conclusions derived can also be applied to the dc-dc converter.
A. Conduction Loss Parameters
The conduction loss expression of a MOSFET in a traction drive has been derived in [5] , and it is repeated below for convenience.
The only device related parameter in this expression is R DS,on , which can be represented by other device parameters as follows 
for a device with 1 cm 2 area where R on,sp is the specific on resistance of the MOSFET drift region and ε s , E c , and µ are material related constants. Equation (13) is a rough estimate of a MOSFET resistance which also contains other resistive components like the channel resistance and the contact resistance. The drift resistance cannot be changed much; however, the channel and contact resistances can be lowered with more research. 
B. Switching Loss Parameters
The energy loss equation of a MOSFET has been shown in [5] as follows, 
The most important parameter contributing to the MOSFET switching energy loss is the transconductance g m . This parameter can be represented as follows [10] ,
where µ is the mobility, w is the channel width, l is the channel length, C ox is the oxide capacitance, V D is the drain voltage, ε ox is the oxide dielectric constant, t ox is the oxide thickness, and A ox is the oxide area.
In (16), µ and ε ox are material dependent; therefore, for a specific application, four device parameters affect the transconductance, w, A ox , l, and t ox . The first two of these parameters are directly proportional to g m and the others are indirectly proportional to it. From (16), the following statements can be derived:
• Decreasing t ox increases g m but t ox has to be of a minimum thickness to be able to support the rated gate voltage; therefore, it cannot be changed much.
• Decreasing l increases g m , but the value of l is limited by the device processing technology.
• Increasing A ox increases g m , but A ox depends on the device area; it cannot be arbitrarily increases without some difficulty.
• Increasing w increases g m . To increase w, the device area has to be increased proportionally. As a summary, to decrease the MOSFET switching losses, g m needs to be increased. Increasing the device's area and consequently increasing A ox and w seem to be the best method to do this.
V. CONCLUSIONS
In this paper, losses of the devices in a traction drive are investigated as functions of device parameters. Some modifications to device parameters are suggested to improve the losses in this drive. The next step is for device researchers to consider these suggestions and evaluate the viability of these modifications.
The interaction of device and power electronics researchers will be extremely useful in producing application specific power devices designed for optimum performance. This study is the first step to achieving this goal.
